Abstract: This paper presents a temperature sensor with glucose sensor interface based on configurable incremental sigma delta (ΣΔ) AnalogDigital-Converter (ADC). A current readout circuit is implemented based on the same ΣΔ modulator of the temperature sensor. New dynamic biasing scheme of inverter-based operational transconductance amplifier (OTA) is proposed to improve the settling time of the biasing voltages. This design was fabricated using 0.13 µm CMOS process. Compared with the traditional circuit, this circuit reduced the chip area by 25%. According to the test results, when the temperature changes from 20°C to 50°C, the temperature sensor inaccuracy is ²0.15°C and the ADC achieves 9.3 effective number of bits (ENOB) with 3 µW power consumption.
Introduction
Internet of things (IoT) is a promising technology for applications such as food safety, smart city and healthcare, by connecting people, data and things together through cyber physical system [1] . Most applications require more than one sensor in the IoT application. Ultra low power and small size passive tag with on-chip temperature sensor and sensor interface is an important IoT node for implantable device, which can continuously monitor the health states of those patients who suffer from chronic diseases [2, 3, 4, 5] . Fig. 1(a) shows a generic architecture of multiple sensor interface for IoT node. Normally, the on-chip temperature sensor and the sensor interface are designed separately [3] . In this paper, the temperature sensor and the blood glucose sensor interface for implantable sensor node to continuously monitor blood glucose level of diabetic patients are designed based on one configurable incremental AEÁ ADC to reduce circuit complexity and silicon area of the chip. 
System overview
The sensor interface in this work is based on a configurable incremental AEÁ ADC in the temperature sensor as Fig. 1(b) shows. An external electrochemical sensor (glucose sensor) generates a current which is proportional to the glucose level [2, 6] of the human body. The current of the glucose sensor in this work is around 0-20 nA in the reasonable glucose level range of diabetic patients. A temperature sensor is required to calibrate the current output of the glucose sensor which features small temperature coefficient. This system is combined with passive radio frequency identification (RFID) sensor tag which is wireless powered to avoid using battery [2, 3, 4, 5] . The oversampling AEÁ ADC is selected to digitalize the current and temperature. The AEÁ modulator is reconfigured to convert different signals. In current readout mode for glucose sensor, the temperature sensor readout circuit can be reused to generate reference current through switched-capacitor circuits.
Temperature sensor readout
The bipolar junction transistor (BJT) based temperature sensor has a relatively high level of accuracy and less process variation dependence. Traditional BJT based temperature sensor digitalizes the proportional-to-absolute-temperature (PTAT) voltage to get a digital ratio μ which is a linear function of temperature and is given by:
where ÁV BE is the difference of the base-emitter voltage V BE of two BJTs. The α which equates to 10.5 in this work is a fixed gain factor which makes the reference voltage V REF has no relation with temperature and K is the ratio of V BE and ÁV BE . Finally, the temperature digital value (T digital ) can be expressed by:
where A ¼ 612:3°C, B ¼ 283:7°C according to the simulation [8] .
Incremental AEÁ ADC is suitable for high-resolution sensor readout application. To measure the value of K, the block diagram is shown in Fig. 2(a) . The operation of the digital to analog converter (DAC) is dependent on the comparator result: 1) when the bs
Then we can get the equation of K ¼ n þ 3D by ignoring the V int =M when M is big enough in equation (3):
where the D is the average value of the bit stream (bs) of comparator output, and the M which equates to 2 12 is the operation times. The n which equates to 10 is the offset of K when the temperature range is 20-50°C.
Glucose sensor readout
To digitalize the current of glucose sensor, the reference signal is generated by switched-capacitor circuit which is similar with the switched-capacitor resistor emulation technology shown in Fig. 3 (a) [9] . As equation (4) shows, the equivalent average value of current is depended on the capacitor value C, voltage source value V and the period T of switched-capacitor circuit. if V, C and T are independent of temperature, the equivalent I average is also independent of temperature. So the I ref can be derived from equation (5) . In other words, the reference can be viewed as Q ref in charge domain.
The current and voltage signal can be transformed to the charge domain signal by the same integrator circuit as shown in Fig. 3(b) . With this method, the current reference source is eliminated and replaced by a voltage reference source.
The reference voltage V ref is generated by the configurable AEÁ modulator of temperature readout circuit. In Fig. 2(a) , the subtraction operation of V BE and ÁV BE is used in the AEÁ modulator in temperature readout mode, while the addition operation of V BE and ÁV BE is used in the AEÁ modulator in current readout mode as Fig. 2(b) shows. The integrated voltage V ref on the integrator is as follows:
where the C in is the input capacitor, the C s is the capacitor of the integrator and ¼ 10:5. The integration scheme of V ref during current readout mode is shown in Fig. 4 . In the circuit implementation, V BE which is the input voltage of C s equals to V BE1 and ÁV BE which is the input voltage of kC s equals to ðV BE2 À V BE1 Þ. In addition, the α implementing with capacitor ratio is more accurate than resistor ratio in the tradition circuits. Different from the traditional current input ADC, the input current I in of glucose sensor will be transformed to charge signal by integrating on the C int . In this way, the temperature sensor readout circuit is reconfigured to the current readout circuit for glucose sensor. The current of glucose sensor will be digitalized by the same AEÁ ADC.
Because the transconductance (g m ) of the OTA is finite. When the input signal is current, the voltage V x on the opposite input port (node x in Fig. 5 ) of OTA equates to I in =g m , which leads to bad virtual ground condition. To avoid the requirement of a high value of g m , the clock phase 3 is added for inputting the current signal as Fig. 5 shows. Because there is no current sigal input at the final moment of 2 phase, the virtual ground condition will be guaranteed by the open loop gain of the OTA. 
Circuit implementation
The power dissipation of AEÁ modulator is dominated by OTA. The CMOS inverter in digital circuits can be viewed as an OTA working in class A/B mode when both PMOS and NMOS transistors are turned on. The inverter consumes less power and area compared with traditional amplifier [10, 11, 12] . The new dynamic biasing scheme as Fig. 6(a) shows is used to bias the cascode inverter with faster setting in the biasing voltages compare with [11, 12] . The switches are placed in biasing current path rather than the biasing voltage node. The proposed dynamic biasing circuit only has ripples when switching because the biasing voltages will keep constant in the integration phase ( 2 ) as Fig. 6(b) shows. In other words, it needs less power to bias without large capacitor to hold the biasing voltage using in [11] .
It also can be used in high speed application. The schematic diagram of all the circuits and the control waveform of the operation is shown in Fig. 7 . The chopping and dynamic element matching (DEM) technologies are used to suppress mismatch and process variations in this design. 
Test result
The proposed circuits were implemented by 0.13 µm CMOS technology in a sensor RFID tag as Fig. 8 shows. The test result showed that the whole circuits achieved a minimum operation supply voltage of 0.85 V. The circuits were tested under RF powered sensor tag that could prove our circuits were immune to the ripples from Fig. 9 . We compare our proposed circuits with several published works in Table I . Compared with the similar works in [3] , the circuits in this work have lower power consumption and smaller area.
Conclusion
In this paper, we proposed a temperature sensor with glucose sensor interface. The proposed circuits reconfigure the temperature sensor to readout current signal of glucose sensor based on configurable incremental AEÁ ADC. With this technology, result of ADC about 25% of the chip area which is used for the current reference source circuit for glucose sensor is saved. The ADC achieves 9.3 ENOB and the temperature inaccuracy is AE0:15°C from 20°C to 50°C. The power consumption of the circuits is 3 µW with 1.2 V power supply.
